Introduction: Hemodialysis (HD) is one treatment for acute kidney injury (AKI) patients. Studies have shown that this dialysis modality may lead to changes in pulmonary function with an impact on prognosis. The aim of our study was to evaluate changes in respiratory mechanics and oxygenation of AKI patients admitted to an intensive care unit who were undergoing intermittent mechanical ventilation (IMV) and daily HD. Methods: This prospective cohort study evaluated 94 AKI patients and 234 HD sessions. Pulmonary static compliance (Pcs), resistance (Rsr), and arterial partial pressure of oxygen and the fraction of inspired oxygen (PaO 2 /FiO 2 ) ratio were assessed during the initial three-day period of daily HD therapy. Findings: Psc increased progressively during HD sessions, from 39.4 AE 21.4 mL/cm H 2 O prior to the initial dialysis to 55.5 AE 25.2 at the end of the last dialysis during the study period (P = 0.04). Similarly, Rsr and PaO 2 /FiO 2 ratio also improved, from 11.1 AE 6.3 cm H 2 O/L/s prior to the initial dialysis to 8.8 AE 4.2 at the end of the last dialysis (P =0.0027) and from 228 AE 85 prior to the initial dialysis to 312.1 AE 111.5, P < 0.001, to the end of the last dialysis, respectively. Conclusion: This study showed that AKI patients undergoing IMV and daily HD improve their respiratory mechanics and oxygenation.
INTRODUCTION
Mortality from acute kidney injury (AKI) remains high, especially when associated with dysfunction of other organs (i.e., acute lung injury). In intensive care, patients frequently experience multiple organ dysfunction that requires dialysis and ventilatory support.
1,2 AKI can lead to accumulation of fluid around small airways and to significant increase in pulmonary vascular permeability to water and proteins, resulting in decrease the pulmonary compliance and increase the airway resistance. 3, 4 The acute renal support available to AKI patients includes hemodialysis (HD) and this can be performed intermittently or continuously. Previous studies have shown that HD can also have an impact on lung function via several mechanisms, including the activation of the complement system. The contact between blood and the extracorporeal circuit can lead to neutrophil stimulation and cause leukocyte accumulation in the lungs with consequent hypoxemia. 5 However, this type of problem can be solved with the use of more biocompatible membranes, such as polysulfone used in this study.
Conversely, it is possible that HD can improve ventilatory mechanics in patients with AKI through fluid withdrawal and reduction of positive fluid balance (FB). HD might also improve the mechanical ventilation in AKI by reducing inflammatory mediators and uremic toxins. [6] [7] [8] [9] [10] [11] [12] [13] Due to the associations between dialytic AKI and pulmonary impairment in terms of prognosis and mortality, this study aimed to evaluate the respiratory mechanics and oxygenation of AKI patients admitted to intensive care units (ICUs) treated with intermittent mechanical ventilation (IMV) and daily HD.
METHODS
Approval was granted by the Research Ethics Committee at our institution. Patients were included in this prospective cohort study if they had AKI of renal origin due to acute tubular necrosis, and required HD and were intubated and being treated with IMV. All evaluated patients were hospitalized in ICU beds at the Clinical Hospital of Botucatu Medical School, UNESP.
AKI was defined according to serum creatinine levels as proposed by the AKI Network, 14 with an increase of 0.3 mg/dL in creatinine levels for patients with baseline serum creatinine up to 1.5 mg/dL, or an increase of 50%-100% for patients with serum creatinine above 1.5 mg/dL.
Exclusion criteria were patients under 18 years of age, undergoing kidney transplantation, patients who had advanced chronic kidney disease (baseline serum creatinine >4 mg/dL), pregnant (of any gestational age), tracheotomized patients, measurements of respiratory mechanics were not possible due to lack of deep sedation and use of alveolar recruitment with positive end-expiratory pressure >10 cm H 2 O. Dialysis was prescribed for these patients for at least one of the following criteria: uremia (patients with uremic symptoms regardless of the serum urea levels), azotemia (serum urea levels ≥250 mg/dL), hyperkalemia (refractory to clinical treatment with serum potassium >6 mEq/L), difficulty in controlling metabolic acidosis (serum bicarbonate <10 mEq/L with persistent academia despite replacement) or clinical hypervolemia resistant to aggressive diuretic therapy.
HD sessions lasted 3-5 hours and were given six times a week. A double lumen catheter was inserted blindly for central venous access (jugular or femoral vein) by a nephrologist at the bedside using local anesthesia. A modern HD machine (Fresenius 4008F) with volumetric ultrafiltration control was used for all treatments. Polysulfone dialyzers (FX 60 or 80) were used, and the prescribed Kt/V was 1.4/session. The bicarbonate, potassium and sodium concentrations of the dialysis solution were adjusted according to individual requirements.
Respiratory mechanics were evaluated at six timepoints over the three initial days or dialysis. Measurements were taken both prior to, and immediately after dialysis treatments. The evaluation measuring time points (M) were designated as M1, M3 and M5 (before each of the initial three dialysis sessions, respectively) and M2, M4 and M6 (after each of the three initial dialysis sessions).
Estimates of pulmonary compliance (Psc) and system resistance (Rsr) were based on the technique of endinspiratory occlusion, 15 which requires paralysis of the patient to eliminate spontaneous inspiratory effort. 16 Therefore patients who had not previously been sedated were temporarily sedated by a physician who evaluated and prescribed medication until the patient had reached a level of deep sedation (−5 on the Richmond Agitation Sedation Scale 17 ) to the point that spontaneous inspiratory effort was absent. If necessary, patients were paralyzed. These measurements were performed in the presence of physicians of ICU, who prescribed the drugs.
Patients were ventilated using a constant-flow (squarewave) volume-controlled mode with an inspiratory pause of at least 2 seconds, a PEEP of 5 cm H 2 O and a tidal volume of 6 mL/kg (ideal weight). Five consecutive measures of respiratory pressure peak, plateau pressure, tidal volume, inspiratory flow and auto-PEEP were collected at each assessment, and average values were used for the calculations. 17 The efficiency of gas exchange was assessed daily (pre-and post-dialysis) by PaO 2 /FiO 2 ratio, 18 and by the fraction of FiO 2 (expressed as a percentage).
The study protocol consisted of general data and the assessment of respiratory mechanics, oxygenation, the recording of the amount of ultrafiltration (UF) performed during each dialysis session and calculation of the 24-hour FB. The daily FB was recorded, daily and the cumulative FB was recorded prior to the initial dialysis, and also at 24, 48, and 72 hours after the initial dialysis treatment. To quantify the cumulative FB over 3 days, we used the following formula: sum of daily (fluid intake [liters]-total output [liters]). 18 The result was expressed as means of all patients per day.
Data analyses were performed using SAS (version 9.2; SAS Institute, Cary, NC, USA). Variables with normal distribution were described using the mean AE standard deviation, while variables with non-normal distribution were described using medians and interquartile ranges. Repeated-measures analysis of variance and multiple comparisons with Tukey's adjustment was used for Rsr and PaO 2 /FiO 2 analyses. The repeated-measures model and asymmetric distribution (gamma) under the GEN-MOD procedure were used to compare Psc, Rsr, and PaO 2 /FiO 2 . Multiple-comparison tests were performed by the same procedure using the DIFF option. The level of significance was 5% in all statistical tests.
RESULTS
A total of 110 patients were evaluated. Of these, 16 (15%) were excluded, 10% due to early death, 2.5%
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due to the presence of a tracheostomy, and 2.5% due to insufficient sedation to promote absence of the spontaneous inspiratory effort. Of the remaining nonexcluded 94 patients, 57% were being treated with extended HD (mean session length x AE y hours) and 43% were undergoing conventional HD (mean session length x AE y hours). A total of 30 patients (32%) had only one session evaluated, 18 (19%) had two sessions evaluated and 46 (49%) had three sessions evaluated, totaling 234 sessions. Table 1 shows the clinical data of the patients studied.
Assessment of respiratory mechanics: Psc increased progressively over the course of the initial 3 days of dialysis treatments, and the increase was statistically significant from the second HD session. Rsr also improved, decreasing after the second HD session (Table 2) . Oxygenation improved (first day = 228 AE 85, second day = 257 AE 84, and third day = 312.1 AE 111.5) with a statistically significant increase difference between the third day and first day (P < 0.001) and also between the third day and second day (P = 0.0268). Figure 1 shows the UF data at each HD session and the FB data during the 24-hour evaluation. The mean UF volume removed on the first day was 1563 AE 117 mL, 2363 AE 145 mL on the second day, and 2295 AE 195 mL on the third day. There was a statistically significant difference between the first and second day (P = 0.0002) and between the first and third day (P = 0.0061). The FB results showed a progressive reduction, from 1158 AE 194 mL on the first day to 571 AE 258 mL on the second day and −247 AE 356 mL on the third day. A statistically significant difference was found in terms of FB when comparing time points M3 (prior to the second HD session) and M1 (prior to the initial HD session, P = 0.0029).
DISCUSSION
This study aimed to evaluate the respiratory responses to HD in patients with AKI who were being treated with IMV. The results suggest that respiratory mechanics and oxygenation improved over the course of three daily HD treatments with associated fluid removal.
The most likely explanation for the beneficial effects of HD on the lungs of our patients was the presumed reduction of pulmonary vascular hydrostatic pressure associated with removal of excess fluid. Clinical studies have shown that negative FB in patients with acute lung injury increased the free time off mechanical ventilation, and that the opposite association was also noted: a positive FB was associated with a worse pulmonary prognosis. [6] [7] [8] In one prospective study, Mitchell et al. 19 showed that acute lung injury patients treated with negative FB and decreased extravascular lung water spent a shorter time on IMV. In an experimental model, Su et al. 12 found a significant decrease in pulmonary arterial pressure (9-10 mmHg) following 4 hours of hemofiltration. This was associated with an improvement in all parameters of ventilatory mechanics and oxygenation, thus suggesting a decrease in pulmonary capillary hydrostatic pressure following hemofiltration. Similarly, Honore et al. 20 found improved respiratory parameters (i.e., pulmonary vascular resistance and mixed venous blood saturation) in the group submitted to continuous venovenous hemofiltration. Steinhorst et al. 21 assessed the ventilatory mechanics of patients being treated with IMV and undergoing HD and did not find any significant changes. However, these authors only studied a single 4-hour HD session, whereas the present study evaluated patients for 3 consecutive days. In addition, the study by Steinhorst et al. included both patients with AKI and those with chronic kidney disease (CKD), which may also have influenced the results. Gilles et al. 22 compared the mortality of patients with dialytic AKI and CKD and found a significant difference (57% vs. 11%), thus showing that the evolution of these patients in the ICU was strikingly different, as was the extent of lung involvement. Hoste et al. 23 evaluated a single 24-hour continuous venovenous HD session in patients with AKI and acute lung injury and found no significant changes in ventilatory mechanics. Despite this, oxygenation showed a tendency to improve, with a 20% increase during therapy. The present study found improved oxygenation in the patients after HD. There was a significant increase in PaO 2 /FiO 2 after the third HD session relative to the first-and secondday values. These results are different from those of Pierson, 5 who found arterial hypoxemia to be associated with HD. According to this author, HD caused arterial hypoxemia due to two main mechanisms: firstly, in response to the diffusive loss of CO 2 to the dialysis solution, leading to a decrease in the central ventilatory stimulus and consequently a decrease in alveolar ventilation, and second, by blood contact with the extracorporeal circuit, leading to neutrophil stimulation and leukocyte accumulation in the lungs. Huang et al. 24 found that the white blood cell count decreased significantly by 15 minutes after the onset of HD; however, this drop was not maintained and did not reflect worsening PaO 2 .
Although not analyzed in the present study, the removal of inflammatory mediators during HD may also influence respiratory function. Interleukins 6 and 8 appear to play a key role in the development of acute lung injury and their molecular weights (21 and 8 kDa, respectively) are below the cut-off of many HD filters. In an experimental model of acute lung injury, hemofiltration promoted improved oxygenation and pulmonary function, regardless of fluid withdrawal. 25, 26 Piccini et al. 27 retrospectively evaluated 80 cases of septic shock associated with acute respiratory distress syndrome. They compared 40 subjects who received early isovolemic hemofiltration and 40 subjects who received only conventional treatment and found that the group receiving hemofiltration significantly increased their oxygenation, reflecting improved oxygenation.
The removal of uremic toxins by HD might also improve lung function of patients with AKI. After only a short period of time after the experimental induction of AKI, important changes in the permeability of water and macromolecules occur in the lungs. This alteration is accompanied by an outflow of water into the extravascular space and an increase in tissue inflammation. [9] [10] [11] Harper et al. 10 found a significant increase in the pulmonary vascular permeability to water and proteins in the presence of uremic serum in patients with CKD. Increased vascular permeability may lead to edema formation and this may interfere with pulmonary expansion.
In conclusion, the results suggest that patients with AKI undergoing daily HD and IMV present improved respiratory mechanics and oxygenation over an initial 3-day course of daily dialysis. 
